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(rapeseed, palm oil, maize and grass), and from residues (tallow, used cooking oil, food waste, 103 manures and straw). Third generation substrates were also selected (micro and macroalgae). 114 system boundaries and impact categories should stay consistent with the goal of the study; choices 115 should be clearly stated and explained; in terms of allocation, ISO 14044 allows for any of the 116 allocation methodologies, provided that the choice is explained and fits into the scope of study; 117 however it is recommended to avoid allocation whenever possible by 1) dividing processes into sub-118 processes and collecting data related to sub-processes; or 2) by expanding the system (substitution) . RED is applied in the BioGrace Excel tool [24] .
132
BioGrace is a harmonised tool that can be used in a European context for life cycle GHG calculation 133 of biofuels. The system boundaries are pre-set but there is a possibility to create new entries. The 134 calculation includes also direct land use change emissions.
135
A C C E P T E D M A N U S C R I P T 153 recommended using more than one FU. However LCA studies that present results using several FU 154 are seldom found, and there is a lack of guidance on the appropriate selection of multiple FUs.
156

System boundaries and reference system
157
The boundaries of the system must be defined together with the goal and scope of the LCA. Processes 158 and flows should be listed to consider which should be included in a LCA. Usually, there is more than 159 one product delivered to the market from the same system. In such a case, the system boundaries 160 might be expanded to include the life cycle of co-products, by-products, and residues [35] . Early [39] found that when use of grass biomethane in a car 167 is included (well to wheel), the GHG savings are 18% lower than for well to tank analysis. Luo et al.
168
[30] reported that expanding boundaries to include car driving as well as food and fodder production, 169 led to lower GWP but higher impacts in other environmental categories (Table 1) .
171
The reference system for a biofuel is typically a fossil fuel system delivering the same service, thus 172 having the same function. The EU RED sets a reference value based on fossil fuels. This value A C C E P T E D M A N U S C R I P T 
198
The third major approach is system expansion, in which the boundaries of the system are expanded to 199 include the functions and life cycles of co-products. System expansion and substitution are often used 200 as synonyms. However, while the former approach is only about expanding boundaries, the latter 201 considers all products and/or functions that can be replaced by the co-products and by-products of the 202 system under analysis. For example, digestate as a co-product of a biogas system can be used as 203 fertilizer and therefore the system gets credits for reducing the use of mineral fertilizers [46] .
204
Despite the fact that choosing an allocation methodology is a fundamental step in LCA, different 205 organisations recommend different approaches (Table 2 ) and several studies found that different In a case study of corn stover ethanol, Luo et al. [30] showed that using an economic allocation gave 235 much higher results for GWP of bioethanol in comparison to mass/ energy allocation approaches. This 236 is because the corn/ stover allocation ratio shifted from 1.7 to 7.5 when switching from mass/ energy 237 allocation to economic allocation. 
240
(DDGS) as co-product. Using no-allocation approach and system expansion resulted in the highest 241 energy intensity and highest GWP (see section 3.5). Conversely, mass, energy and economic 242 allocation gave the lowest values for energy intensity and GWP of bioethanol produced. [36] in assessing biogas from industrial residues looked at GHG emissions, eutrophication, 275 acidification, and energy balance. While GHG emissions were reduced whatever the substrate, 276 impacts of both eutrophication and acidification were higher for biogas than fossil fuel systems. Only The definition of the system's boundaries and choice of the reference system are crucial, as the results
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of LCA vary according to the reference system chosen. In order to present a comprehensive 301 understanding of the system, boundaries should be expanded to include co-products, by-products and 302 residues (Fig. 7) . The boundaries of the reference system should be the same as those of the primary 303 system under analysis, and the choice of reference system should be informed by the goal of the 304 analysis. It may be appropriate to define a reference system for each stage of the life cycle process, 305 such as alternative land use and LCA of products that are being replaced by co-and by-products.
306
However, the authors recognise that expanding the reference system boundaries and using multiple 307 reference systems can considerably increase analysis complexity, and therefore recommend that the 308 primary focus is on defining a reference system according to the analysis goal. and by-products. If this is not possible due to lack of specific data and/or multiplicity of co-/ by-316 products, then substitution should be applied (Fig. 7) .
318
Impact categories
319
Since the majority of LCAs look only at GHG and energy balance, this can lead to the problem of 320 burden shifting; where a biofuel system might achieve a high level of GHG reduction but could also reviewed papers were sampled using Science Direct. All papers were published between 2008 and 609 2015 using "LCA" and "biofuel" in title.
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610
611 Fig. 6 . Contribution of the three most impacting life cycle stages of corn grain ethanol to the total 612 environmental impact measured in energy intensity (blue) and GWP (red) [42] . Electricity was always 613 the highest contributor to both GWP and energy intensity, but the discrepancies between various life 614 cycle stages were much lower if energy intensity is used as measure. Drying of DDGS has a much 615 higher impact on energy intensity than on GWP. 
